Introduction
============

Autophagy is a physiological process that is vital to homeostasis, which is responsible for the elimination of damaged or aged organelles from the cell ([@b1-mmr-14-04-3013]). Autophagy can be stimulated by various stressors, including starvation and oxidative stress, or by treatment with some pharmacological agents ([@b2-mmr-14-04-3013]). In addition to its roles in maintaining normal cellular homeostasis, autophagy has an important role in the occurrence of cancer, as well as infectious, inflammatory, neurodegenerative and metabolic diseases ([@b3-mmr-14-04-3013]--[@b7-mmr-14-04-3013]). It has previously been reported that autophagy acts as a \'double-edged sword\' in tumor therapy; namely, it enables tumor cell survival in response to stress, thus promoting tumorigenesis; however, it also induces tumor cell death, thus preventing tumor occurrence ([@b8-mmr-14-04-3013]). Autophagy-induced cell death is classified as type II programmed cell death (PCD), which differs from apoptosis, which is classified as type I PCD ([@b9-mmr-14-04-3013],[@b10-mmr-14-04-3013]). In this setting, autophagy is considered an important underlying mechanism of tumor suppression via the induction of non-apoptotic cell death. During autophagy, the presence of autophagosomes is considered the typical morphological feature, the outer membrane of which fuses with lysosomes to form autolysosomes in which luminal materials, including the internal membrane, are degraded ([@b11-mmr-14-04-3013]). Microtubule-associated protein light chain 3 (LC3)-II, which is involved in autophagosome biogenesis and is localized to the autophagosome membrane, is a marker of autophagosomes. In addition, sequestosome 1 (SQSTM1)/p62 is another protein marker that can be used to monitor autophagic flux ([@b12-mmr-14-04-3013]).

Chemotherapy is currently considered a valuable therapeutic strategy for the treatment of tumors. Chemotherapy-induced apoptosis, which is associated with the release of cytochrome *c* from the mitochondria via extrinsic or intrinsic pathways, is the predominant mechanism underlying cancer cell growth inhibition by chemotherapeutic drugs such as fluorouracil, cisplatin, cyclophosphamide and paclitaxel ([@b13-mmr-14-04-3013]--[@b15-mmr-14-04-3013]). Furthermore, autophagy-induced cell death has an important role in tumor cell death under certain conditions. Mono-Pt, which is a novel cytoprotective monofunctional platinum (II) complex, inhibits cell growth and proliferation via autophagic cell death in apoptosis-resistant ovarian cancer. Treatment of Caov-3 ovarian carcinoma cells with Mono-Pt resulted in punctate distribution of LC3, an increased ratio of LC3-II to LC3-I, and accumulation of autophagic vacuoles in the cytoplasm ([@b16-mmr-14-04-3013]). In addition, Q6, gefitinib, vitexin 6, and other compounds or plant extracts exert potent antiproliferative effects via the autophagy-dependent degradation pathway ([@b17-mmr-14-04-3013]--[@b19-mmr-14-04-3013]). Autophagic cell death induced by chemical drugs or plant extracts may shed new light on therapeutic strategies used to suppress tumor growth.

Cabazitaxel was approved by the US Food and Drug Administration in 2010 for use in treating paclitaxel resistance or advanced prostate cancer. In addition, it has been reported that cabazitaxel possesses broad-spectrum antitumor activity against the proliferation of colon cancer cells, as well as pancreatic cancer, gastric cancer, head and neck cancer, breast cancer, etc. ([@b20-mmr-14-04-3013],[@b21-mmr-14-04-3013]). Taxane agents, including paclitaxel, have been demonstrated to induce autophagy in various cancer cells ([@b22-mmr-14-04-3013]). As a broad-spectrum antitumor and novel taxane agent, it remains unclear whether cabazitaxel may induce cytotoxic effects via the autophagic pathway in A549 cells. In order to extend the future clinical application of cabazitaxel, the present study aimed to investigate the cytotoxic effects induced by cabazitaxel and to illustrate its underlying mechanism in A549 cells. The results demonstrated that cabazitaxel may induce autophagic cell death in a phosphoinositide 3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR) pathway-dependent manner.

Materials and methods
=====================

Cell culture
------------

The A549 human lung adenocarcinoma epithelial cell line was purchased from Type Culture Collection of Chinese Academy of Sciences (Shanghai, China). The cells were cultured in RPMI-1640 supplemented with 10% fetal bovine serum (FBS; Sijiqion, Hangzhou, China) and 100 U of penicillin G with 100 *µ*g of streptomycin per ml, cells were grown in a humidified atmosphere containing 5% CO~2~ at 37°C.

Chemicals, reagents and antibodies
----------------------------------

Cabazitaxel was kindly provided by Professor Shengyong Zhang (Department of Medicinal Chemistry, Fourth Military Medical University, Xi\'an, China). Cabazitaxel was dissolved at a concentration of 50 mg/ml in absolute ethyl alcohol as a stock solution, which was stored at 4°C, and was diluted with medium prior to each experiment. z-VAD-FMK and Annexin V/propidium iodide (PI) apoptosis detection kit was obtained from Beyotime Institute of Biotechnology (Hangzhou, China). Anti-LC3 (cat. no. L8918; 1:800), anti-beclin1 (cat. no. SAB5300513-100UL; 1:1,000) and anti-p62 (cat. no. P0067; 1:1,000) antibodies, 5-fluorouracil (5-FU) and 3-methyladenine (3-MA) were purchased from Sigma-Aldrich (Merck Millipore, Darmstadt, Germany). Anti-mTOR (cat no 653401; 1:1,000), anti-phosphorylated (p)-mTOR (Ser2481) (ca. no 651701; 1:500), anti-Akt (cat. no. 603401; 1:500) and anti-p-Akt (Ser473) (cat. no. 649001; 1:500) antibodies were purchased from BioLegend (San Diego, CA, USA). Anti-human β-actin monoclonal antibody was provided by Cwbiotech (Beijing, China; cat. no. CW0096M; 1:2,000).

Apoptosis assay
---------------

Apoptosis assay was conducted with Annexin V/PI detection kit according to manufacturer\'s protocol. Briefly, 1×10^5^ A549 cells/well were treated with 5 *µ*g/ml cabazitaxel and 20 *µ*M 5-FU for 30 h. Next, the treated cells were harvested and washed 3 times with cold PBS. Cells were subsequently stained with 5 *µ*l FITC Annexin V and 10 *µ*l PI for 15 min at room temperature and subjected to flow cytometry for analysis apoptosis.

Cell death assay
----------------

Cell death was assessed by trypan blue exclusion assay. Following treatment with various concentration of Cabazitaxel (1, 2, 5, 1 and 20 *µ*g/ml) at different times, suspended and adherent cells were collected and stained with 0.4% trypan blue dye for 3 min at room temperature. Cells were subsequently counted using a hemocytometer under a light microscope. Pharmaceutic inhibitors, z-VAD-FMK and 3-MA, were used to determine the apoptotic and autophagic cell death. Cells were pretreated with 20 *µ*M z-VAD-FMK or 10 mM 3-MA for 1 h at 37°C and then incubated with cabazitaxel. Next, cells were stained with 0.4% trypan blue in order to detect cell death.

Cell cycle analysis
-------------------

Cell cycle analysis was performed as described previously ([@b23-mmr-14-04-3013]). Briefly, cells were synchronized by culturing in RPMI-1640 medium containing 0.5% FBS overnight. The cells were then incubated in fresh RPMI-1640 medium supplemented with 10% FBS and serially diluted cabazitaxel at 37°C. The treated cells (5 *µ*g/ml cabazitaxel) were harvested after a 24 h incubation and were washed with cold phosphate-buffered saline (PBS) before being fixed with 70% ethanol at 4°C overnight. After thoroughly washing with PBS, the fixed cells were stained in the dark with 50 *µ*g/ml propidium iodile (PI) containing 100 *µ*g/ml RNase A and 1% Triton X-100 for 45 min at room temperature.. The cells were finally subjected to flow cytometric analysis.

Transmission electron microscopy (TEM)
--------------------------------------

A549 cells were seeded in a 6-well plate and treated with 5 *µ*g/ml cabazitaxel for 24 h. Cells were digested and fixed with 3% glutaraldehyde in PBS (pH 7.8) for 3 h at room temperature, and were then incubated with 0.1% osmium tetroxide for 1 h at 4°C. Cells were subsequently dehydrated in increasing concentrations of ethanol (50, 60, 80 and 100%) and were embedded in Epon resin. Ultrathin sections were loaded onto copper grids and were stained with uranyl acetate and lead citrate, prior to being observed under a transmission electron microscope (JEM-1230; JEOL Ltd., Tokyo, Japan).

Western blotting
----------------

A549 cells (seeded at 2×10^5^) were treated with various concentrations (1, 2, 5, 10 and 20 *µ*g/ml) of cabazitaxel for 24 h at 37°C and were lysed in radioimmunoprecipitation assay buffer (Beyotime Institute of Biotechnology). Proteins were quantified using a bicinchoninic acid assay kit (Cwbiotech Co., Ltd., Beijing, China) then 30 *µ*g proteins per well were subjected to 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and were transferred to polyvinylidene fluoride membranes. After blocking with 5% bovine serum albumin for 1 h at room temperature, the membranes were sequentially incubated with the corresponding primary antibodies overnight at 4°C, and with horseradish peroxidase-conjugated anti-rabbit immunoglobulin (Ig)G (cat. no. CW0103S; 1:1,000; Cwbiotech) or anti-mouse IgG (cat. no. 0102S, 1:1,000; Cwbiotech) for 1 h at room temperature. Finally, blots were developed and visualized using the SuperSignal West Dura chemiluminescence kit (Pierce; Thermo Fisher Scientific, Inc., Rockford, IL, USA) and an ImageQuant LAS 4000 mini system (GE Healthcare Life Sciences, Pittsburgh, PA, USA). Image J software (version 1.38; National Institutes of Health, Bethesda, MD, USA) was used to quantify protein bands. β-actin was used as a protein loading control.

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
--------------------------------------------------------------------------

TUNEL staining was conducted to assess the levels of apoptosis induced by cabazitaxel or 5-FU (positive control) treatment according to the manufacturer\'s protocol (Beyotime Institute of Biotechnology). Briefly, A549 cells were fixed in 4% paraformaldehyde for 1 h at room temperature following treatment with cabazitaxel or 5-FU. Subsequently, the cells were permeabilized with 0.1% Triton X-100 and were incubated with 50 *µ*l TUNEL reaction buffer at 37°C for 1 h in the dark. After staining with 4′,6-diamidino-2-phenylindole, slides were visualized by fluorescence microscopy.

Caspase 3 activity assay
------------------------

Caspase 3 protease activity was measured using a Caspase-3 activity detection kit according to the manufacturer\'s protocol (Beyotime Institute of Biotechnology). Briefly, A549 cells were lysed at various time points following treatment with cabazitaxel or 5-FU. Cell lysates were centrifuged at 12,000 × g for 15 min at 4°C prior to incubation with Ac-DEVD-*p*NA for 60 min at 37°C. Absorbance was measured at 405 nm using a Biotek Eon microplate spectrophotometer (Biotek, Winooski, VT, USA) and caspase 3 activity was calculated according to a *p*NA standard curve.

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
----------------------------------------------------------------------

Total mRNA was extracted using TRIzol reagent from the A549 cells treated with various concentrations of cabazitaxel (1, 2, 5, 10 and 20 *µ*g/ml) for 24 h at 37°C. Subsequently, cDNA was synthesized using the RevertAid First Strand cDNA synthesis kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Briefly, the total volume of 20 *µ*l reverse transcription mixer (500 ng RNA, 1 *µ*l oligo(dT)18, 1*µ*l RevertAid RT) was incubated for 60 min at 42°C, then the reaction was terminated by heating at 70°C for 5 min. qPCR was performed on an ABI StepOnePlus™ thermocycler (Applied Biosystems; Thermo Fisher Scientific, Inc., Foster City, CA, USA) using a SYBR^®^ Green PCR kit (Applied Biosystems; Thermo Fisher Scientific, Inc.). Each sample was run in triplicate in a final volume of 25 *µ*l containing 1 *µ*l first-strand cDNA template, 10 pmol of each primer ([Table I](#tI-mmr-14-04-3013){ref-type="table"}; obtained from Sangon Biotech Co., Ltd, Shanghai, China), 12.5 *µ*l of SYBR^®^ Green PCR master mix and 11.5 *µ*l distilled water. Cycling conditions of the qPCR were as follows: 1 cycle at 95°C for 30 sec, followed by 40 cycles at 95°C for 20 sec, 60°C for 30 sec and extension at 72°C for 15 sec.. Data analyses were performed according to the 2^−ΔΔ\ Cq^ method ([@b24-mmr-14-04-3013]).

Plasmid and small interfering (si)RNA transfection
--------------------------------------------------

*Beclin1* siRNA (sense 5′-GGAGCCAUUUAUUGAAACUTT-3′ and antisense 5′-AGUUUCAAUAAAUGGCUCCTT-3′) was synthesized by Shanghai GenePharma Co., Ltd. (Shanghai, China). Transfection of cells with green fluorescent protein (GFP)-LC3 plasmid (provided by Dr. Ye Wei) or *Beclin1* siRNA was carried out using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according the manufacturer\'s protocol. Briefly, 4 *µ*g GFP-LC3 plasmid, 100 pmol *Beclin1* siRNA and 5 *µ*l Lipofectamine 2000 were diluted in 50 *µ*l Opti-MEM I medium (Invitrogen; Thermo Fisher Scientific, Inc.), respectively, and were incubated for 5 min at room temperature. The diluted GFP-LC3 plasmid and *Beclin1* siRNA were mixed with Lipofectamine 2000, separately, and were incubated for 20 min at room temperature. The complexes were then added to 6-well plates, 2×10^5^ cells/well for transfection. Cabazitaxel was added to the cells at 5 *µ*g/ml/well 48 h post-transfection, and the cells were incubated for a further 24 h at 37°C. LC3 puncta was visualized by fluorescence microscopy, and the protein expression levels of *Beclin1* were determined by western blotting.

Statistical analysis
--------------------

Data are presented as the mean ± standard deviation. Student\'s t-test and one-way analysis of variance were used to analyze data. Differences between experimental groups were assessed by non-parametric analysis using SPSS software, version 12 (SPSS, Inc., Chicago, IL, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Cabazitaxel treatment induces autophagy in A549 cells
-----------------------------------------------------

An increasing body of evidence has suggested that manipulation of autophagy may provides a useful way to prevent cancer development ([@b25-mmr-14-04-3013],[@b26-mmr-14-04-3013]); therefore, the present study aimed to investigate whether cabazitaxel could induce autophagy in A549 lung cancer cells. Autophagosomal formation and the expression of autophagy-associated proteins were used to evaluate cabazitaxel-induced autophagy. Following exposure to various concentrations of cabazitaxel for 24 h, RT-qPCR was conducted to determine the mRNA expression of autophagy related (Atg) genes; the results demonstrated that the expression levels of LC3, Atg5, Atg7 and Atg12 were increased ([Fig. 1A](#f1-mmr-14-04-3013){ref-type="fig"}), with Atg7 exhibiting the highest expression levels. Furthermore, immunoblotting indicated that LC3-II protein expression and the conversion of LC3-I to LC3-II were significantly upregulated in cabazitaxel-treated cells compared with the control group ([Fig. 1B](#f1-mmr-14-04-3013){ref-type="fig"}). Conversely, SQSTM1/p62 expression was decreased following exposure to cabazitaxel ([Fig. 1C](#f1-mmr-14-04-3013){ref-type="fig"}).

Since LC3 is a specific marker for autophagosomal formation, GFP-tagged LC3 was used to measure autophagic flux. As shown in [Fig. 1D](#f1-mmr-14-04-3013){ref-type="fig"}, the green puncta were distributed in the cytoplasm post-transfection, and the percentage of cells expressing LC3 was much higher in the treated group compared with in the control group. In addition, the presence of autophagic compartments was detected in cabazitaxel-treated cells by TEM. Following exposure to cabazitaxel for 24 h, accumulation of massive autophagic vacuoles (autophagosomes) was detected in the cytoplasm under TEM, and these autophagosomes consisted of double membrane structural compartments, which contain recognizable cellular organelles and a high electron density substance. Conversely, fewer autophagosomes were observed in the control group ([Fig. 1E](#f1-mmr-14-04-3013){ref-type="fig"}). Furthermore, typical apoptotic morphology was not observed under TEM, including chromatin condensation and apoptotic bodies; the nuclear membrane integrity and chromatin distribution of cabazitaxel-treated cells were normal. These results indicate that cabazitaxel could not induce apoptosis of A549 cells. Taken together, these findings support the hypothesis that cabazitaxel induces autophagy in A549 cells.

Cabazitaxel promotes cell death by inducing cell cycle arrest at G~2~/M phase
-----------------------------------------------------------------------------

The present study subsequently assessed whether cabazitaxel-induced autophagy promoted cell survival or cell death. When A549 cells were exposed to various concentrations of cabazitaxel, cells detached from the bottom of the flask and were observed to be round-shaped. Therefore, it was hypothesized that cabazitaxel exhibited cytotoxicity in A549 cells. Cell death was observed by trypan blue assay following treatment with various doses of cabazitaxel (1--20 *µ*g/ml) for 12, 24 or 48 h. As shown in [Fig. 2A](#f2-mmr-14-04-3013){ref-type="fig"}, cabazitaxel induced a time- and dose-dependent increase in A549 cell death; 1 *µ*g/ml cabazitaxel treatment for 12 h induced slight cell death of A549 cells compared with the control group; subsequently, cell death was significantly increased in a dose- and time-dependent manner.

To gain insight into the mechanism underlying the antiproliferative effects of cabazitaxel, the present study investigated the effects of cabazitaxel treatment on the cell cycle. The number of A549 cells at G~2~/M phase was significantly increased to 80--90% following incubation with various doses (5, 10, 20 *µ*g/ml) of cabazitaxel for 24 h ([Fig. 2B](#f2-mmr-14-04-3013){ref-type="fig"}). Taken together, these results suggest that cabazitaxel exerts a cytotoxic cell death-promoting effect via the induction of G~2~/M phase arrest.

Cabazitaxel induces non-apoptotic cell death
--------------------------------------------

Apoptosis is one of the major cell death pathways. To determine whether cabazitaxel-mediated cell death was induced via the apoptotic pathway, cabazitaxel-treated cells were stained with Annexin V/PI and TUNEL-fluorescein isothiocyanate (FITC). Following exposure to 5 *µ*g/ml cabazitaxel for 24 h, the percentage of apoptotic cells was not significantly altered compared with in the control group, as determined by Annexin/PI staining and flow cytometry. Conversely, the majority of 5-FU-treated A549 cells were positive for apoptosis staining ([Fig. 3A](#f3-mmr-14-04-3013){ref-type="fig"}). To further confirm these results, a TUNEL-FITC assay was used to detect the apoptosis of cabazitaxel-treated A549 cells. Only weak fluorescence was detected in a very small number of cabazitaxel-treated and control A549 cells; however, strong fluorescence was detected in 5-FU-treated A549 cells ([Fig. 3B](#f3-mmr-14-04-3013){ref-type="fig"}).

Caspase 3 is an apoptosis-associated cysteine peptidase, which has a central role in the execution phase of cell apoptosis. Therefore, the present study investigated caspase 3 activity in A549 cells, and demonstrated that 5-FU, rather than cabazitaxel, activated caspase 3 in A549 cells ([Fig. 3C](#f3-mmr-14-04-3013){ref-type="fig"}). z-VAD-FMK is a pan-caspase inhibitor, which can be used to block all features of apoptosis, including apoptotic cell death. Notably, z-VAD-FMK was not able to block cabazitaxel-induced cell death; however, it could inhibit 5-FU-induced cell death, thus providing evidence for caspase-independent cell death in A549 cells ([Fig. 3D](#f3-mmr-14-04-3013){ref-type="fig"}). These results indicate that cabazitaxel-induced cytotoxicity is caused by alternative caspase 3-independent non-apoptotic cell death.

Cabazitaxel-induced autophagy contributes to cell death
-------------------------------------------------------

As aforementioned, cabazitaxel treatment was able to induce autophagy in A549 cells. Subsequently, the present study used 3-MA, a well-known inhibitor of autophagy, to examine whether cell death was triggered by autophagy. A549 cells were pretreated with 10 mM 3-MA for 1 h, and cabazitaxel was then added to the pretreated cells for an additional 24 h. As shown in [Fig. 4A](#f4-mmr-14-04-3013){ref-type="fig"}, 3-MA resulted in a partial but significant inhibition of cabazitaxel-induced cell death. Subsequently, cells were transfected with siRNA specific for *Beclin1*, which is required for autophagy, in order to elucidate the association between autophagy and cabazitaxel-induced cell death. *Beclin1*-siRNA suppressed *Beclin1* expression and decreased cabazitaxel-induced cell death post-transfection ([Fig. 4B](#f4-mmr-14-04-3013){ref-type="fig"}). These findings indicate that autophagy contributes to the cabazitaxel-induced death of A549 cells.

PI3K/Akt/mTOR signaling pathway inhibition activates cabazitaxel-induced autophagy
----------------------------------------------------------------------------------

The PI3K/Akt/mTOR pathway is an intracellular signaling pathway that is involved in autophagy regulation; inhibition of the PI3K/Akt/mTOR pathway promotes autophagy. To determine the role of this pathway, two critical proteins, Akt and mTOR, were examined. Following treatment with cabazitaxel for 24 h, the levels of p-mTOR and p-Akt were markedly decreased compared with the control ([Fig. 5](#f5-mmr-14-04-3013){ref-type="fig"}). These results indicate that cabazitaxel targets the PI3K/Akt/mTOR pathway to induce autophagic cell death via the inhibition of Akt and mTOR phosphorylation.

Discussion
==========

Cabazitaxel is a novel agent for the treatment of metastatic hormone-refractory prostate cancer. A previous study reported that cabazitaxel acts as a broad-spectrum chemotherapy agent that may prevent cancer progression ([@b20-mmr-14-04-3013]). In addition, our pilot studies confirmed that cabazitaxel inhibited the proliferation of various types of human cancer cell, including A549 lung cancer cells; SW480 and HT-29 colon cancer cells; LNCaP, DU145 and PC-3 prostate cancer cells; as well as murine M16 melanoma cancer cells. We also demonstrated that morphological alterations of the cabazitaxel-treated A549 cells were more obvious than in the prostate cancer cell lines; the cabazitaxel-treated cells exhibited detachment, a round shape and shrinkage. Furthermore, cell death induced by cabazitaxel was increased in A549 cells compared with in other human tissue-derived cancer cell lines (data not published). Based on these findings, the present study used A549 cells as the target to study the antitumor effects of cabazitaxel.

The present study revealed a novel molecular mechanism underlying the antitumor activity of cabazitaxel in A549 cells. When A549 cells were treated with cabazitaxel, the number of autophagosomes, LC3-II expression and autophagic flux were increased. Concurrently, cabazitaxel was able to promote A549 cell death independent of the apoptotic pathway. Further evidence indicated that cabazitaxel-induced autophagy contributed to A549 cell death via the PI3K/Akt/mTOR pathway. Therefore, it may be concluded that cabazitaxel-induced autophagic cell death is the predominant mechanism underlying A549 cell proliferation inhibition. These data may help to provide the theoretical basis for the clinical application of cabazitaxel.

PCD is a crucial process for the organized destruction of cells, which is essential for the development and maintenance of cellular homeostasis. PCD can be divided into three categories: Apoptotic, autophagic and necrotic cell death, and apoptotic cell death is considered a vital defense mechanism to eliminate cancer cells ([@b27-mmr-14-04-3013]). In the present study, cabazitaxel-treated A549 cells did not exhibit typical apoptotic morphology and increased caspase 3 activity. In addition, z-VAD-FMK was not able to inhibit cell death, thus suggesting that cabazitaxel may induce A549 cell death independent of the apoptotic pathway. Subsequently, the present study investigated whether cabazitaxel was able to induce autophagic cell death. Following exposure to cabazitaxel, typical features of autophagy were observed, including high LC3-II expression, Atg gene upregulation, p62 downregulation and autophagic vacuole formation; however, features associated with apoptosis were not detected in A549 cells. In addition, siRNA *Beclin1* gene silencing and treatment with an autophagy inhibitor rescued cabazitaxel-induced cell death. There are three criteria to certify autophagic cell death: i) Cell death occurs without the involvement of apoptosis; ii) there is an increase in autophagic flux, alongside an increase in autophagic markers, in the dying cells; and iii) suppression of autophagy via pharmacological inhibitors or genetic approaches is able to rescue or prevent cell death ([@b28-mmr-14-04-3013]). The results of the present study fully coincided with the aforementioned criteria of autophagic cell death. Therefore, the present study concluded that autophagy contributes to cabazitaxel-induced A549 cell death, which serves as a protective mechanism to facilitate the elimination of cancer cells.

Previous studies have demonstrated that autophagic cell death is triggered by numerous signaling pathways, such as the adenosine monophosphate-activated protein kinase pathway, the PI3K/AKT/mTOR pathway, and the mitogen-activated protein kinases (extracellular signal-regulated kinases, p38 and c-Jun N-terminal kinases) pathway ([@b29-mmr-14-04-3013]--[@b32-mmr-14-04-3013]). The PI3K/AKT/mTOR signaling pathway represents one of the major survival pathways that is dysregulated in various types of human cancer, and contributes to cancer pathogenesis and therapy resistance. It has previously been demonstrated that inhibition of the PI3K/Akt/mTOR pathway induces G~2~/M arrest, whereas Akt promotes cell cycle progression through the G~2~/M transition via suppression of the cyclin-dependent kinase cell division control (Cdc)2 and Cdc25c pathway ([@b33-mmr-14-04-3013]). In the present study, A549 cells were arrested at G~2~/M phase following treatment with cabazitaxel, thus suggesting that cabazitaxel-mediated G~2~/M arrest may be induced via inhibition of the PI3K/Akt/mTOR pathway. Mounting evidence has indicated that the PI3K/AKT/mTOR signaling cascade regulates autophagy. As a member of the PI3K-related kinase family, mTOR is associated with cell proliferation and cell metabolism. Previous studies have reported that inhibition of Akt and its downstream target mTOR contributes to the initiation of autophagy ([@b34-mmr-14-04-3013],[@b35-mmr-14-04-3013]). Activation of the PI3K/Akt/mTOR pathway has also been associated with pathogenesis of non-small cell lung cancer (NSCLC), and inhibition of the PI3K/AKT/mTOR signaling pathway has been suggested as a potential therapeutic target in NSCLC ([@b36-mmr-14-04-3013]). The present study demonstrated that Akt and mTOR phosphorylation were significantly decreased in the cabazitaxel-treated A549 cells, thus indicating that cabazitaxel may be considered a candidate agent for the treatment of lung cancer through inhibition of the PI3K/AKT/mTOR signaling pathway.

In conclusion, the results of the present study suggested that cabazitaxel may induce autophagic cell death in human adenocarcinoma lung cancer cells via PI3K/Akt/mTOR signaling inhibition. These findings represent a novel anticancer mechanism of cabazitaxel, and may help expand its application in the chemotherapeutic treatment of various cancers other than those of prostate gland origin.

The present study was supported by the Science and Technolgy Innovation Project Plan of Shaanxi Province (grant nos. 2015KTCL03-01 and 2014FWPT-11).

![Cabazitaxel induces autophagy in A549 cells. (A) A549 cells were treated with various concentrations of cabazitaxel for 24 h; total RNA was extracted by TRIzol, and autophagy related (Atg) mRNA expression levels were analyzed by quantitative polymerase chain reaction using specific primers. (B and C) Proteins were extracted by radioimmunoprecipitation assay buffer following treatment with cabazitaxel. Samples underwent western blotting to determine protein expression levels. (D) A549 cells were transfected with green fluorescent protein-microtubule-associated protein light chain 3 (LC3) plasmids for 48 h, and were then treated with 5 *µ*g/ml cabazitaxel for another 24 h. LC3 puncta were observed by fluorescence microscope. Magnification × 20, close-up image magnification, ×40. (E) Cabazitaxel-treated A549 cells were fixed and dehydrated, and subjected to transmission electron microscopy after staining with uranyl acetate and lead citrate. Bottom panel, magnification ×8,000. Top panel, ×30,000) Data are presented as the mean ± standard deviation of three independent experiments ^\*^P\<0.05, ^\*\*^P\<0.01 vs. control group. SQSTM1, sequestosome 1.](MMR-14-04-3013-g00){#f1-mmr-14-04-3013}

![Cabazitaxel promotes cell death and induce A549 cells cycle arrest at G~2~/M phase. (A) A549 cells were incubated with various concentrations of cabazitaxel for various durations, and cell death was determined by trypan blue dye exclusion assay. (B) A549 cells were synchronized overnight, and were then incubated with various concentrations of cabazitaxel for 24 h. The cells were harvested and stained with propidium iodide, and were subjected to cell cycle analysis by flow cytometry. Data are presented as the mean ± standard deviation of three independent experiments ^\*^P\<0.05, ^\*\*^P\<0.01 vs. control group.](MMR-14-04-3013-g01){#f2-mmr-14-04-3013}

![Cabazitaxel induces non-apoptotic cell death in A549 cells. (A and B) A549 cells were exposed to 5 *µ*g/ml cabazitaxel or 20 *µ*M 5-fluorouracil (5-FU) for 24 h at 37°C, then stained with Annexin V/PI or terminal deoxynucleotidyl transferase dUTP nick end labeling-fluorescein isothiocyanate (FITC)/propidium iodide and 4′,6-diamidino-2-phenylindole (DAPI), and were then subjected to flow cytometry or fluorescence imaging. Magnification, ×10. (C) Cabazitaxel (5 *µ*g/ml) or 5-FU (20 *µ*M) treated A549 cells were harvested and lysed, and the collected supernatants were subjected to caspase 3 activity assay. (D) A549 cells were pretreated with 20 *µ*M z-VAD-FMK for 1 h, were incubated with cabazitaxel (5 *µ*g/ml) or 5-FU for 24 h, and cell death was subsequently determined by trypan blue dye exclusion assay. Normal non-treated A549 cells were used as the control. Data are presented as the mean ± standard deviation of three independent experiments ^\*^P\<0.05, ^\*\*^P\<0.01.](MMR-14-04-3013-g02){#f3-mmr-14-04-3013}

![Autophagy triggers cell death. (A) A549 cells were pretreated with 10 mM 3-methyladenine (3-MA) for 1 h and were incubated with 5 *µ*g/ml cabazitaxel for 48 h. Subsequently, cell death was determined by trypan blue dye exclusion assay at various time-points. (B) A549 cells were transfected with 100 pmol *Beclin1* small interfering (si)RNA, and proteins were extracted 48 h post-transfection. *Beclin1* protein expression was detected by western blotting. Transfected cells were incubated with 5 *µ*g/ml cabazitaxel for an additional 48 h, and cell death was determined by trypan blue dye exclusion assay at various time-points. Data are presented as the mean ± standard deviation of three independent experiments ^\*^P\<0.05, ^\*\*^P\<0.01.](MMR-14-04-3013-g03){#f4-mmr-14-04-3013}

![Inhibition of the phosphoinositide 3 -kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR) signaling pathway activates cabazitaxel-induced autophagy. Proteins were extracted from cabazitaxel-treated A549 cells and the phosphorylation of mTOR and Akt was detected by western blotting. P-, phosphorylated.](MMR-14-04-3013-g04){#f5-mmr-14-04-3013}

###### 

Primer sequences of autophagy-related genes.

  Gene        Forward primer          Reverse primer
  ----------- ----------------------- -------------------------
  *Atg5*      atgacagatgacaaagatg     caacgtcaaataacttactc
  *Atg7*      tgacgatcggatgaatgagcc   gctcatgtcccagattttggaag
  *Atg12*     ctgtgtaattgcgtccccct    gaagctgcaacacagactgc
  *LC3-II*    ccgcaccttcgaacaaagag    aagctgcttctcacccttgt
  *β-actin*   tgacggggtcacccacactg    aagctgtagccgcgctcggt

*Atg*, autophagy related; *LC3*, microtubule-associated protein light chain 3.

[^1]: Contributed equally
